Investigation of the solid-state polymorphic transformations of piracetam by Maher, Anthony et al.
1 
 
Investigation of the Solid-State Polymorphic 
Transformations of Piracetam 
Anthony Maher*1, Colin C. Seaton1, Sarah Hudson1,2, Denise M. Croker1, Åke C. Rasmuson1, 
Benjamin K. Hodnett1 
1Solid State Pharmaceuticals Cluster, Materials and Surface Science Institute, Department of 
Chemical and Environmental Sciences, University of Limerick, Limerick, Ireland 
2Pharmaceutical and Molecular Biotechnology Research Centre, Waterford Institute of 
Technology, Waterford, Ireland 
*corresponding author email: anthony.maher@ul.ie  
*Tel.: +353 61 234159 
 
ABSTRACT 
The solid-state polymorphic transformations of 2-oxo-1-pyrrolidine acetamide (Piracetam) were 
investigated using a combination of off-line and on-line techniques; Differential Scanning 
Calorimetry (DSC), High Temperature X-ray Diffraction (HT-XRD), thermal analysis and Hot 
Stage Optical Microscopy. Form II and Form III were each observed to transform directly to Form 
I upon heating, with Form II transforming at a slightly lower temperature. The transformation of 
both polymorphs to Form I was observed to cause physical cracking of the crystals as well as 
changing the optical properties. Form I consistently transformed to Form II when cooled. The 
molecular rearrangements required for the transformation from Form I to Form II were found to 
be more energetically favourable than those required for the transformation to Form III. The 
transformation from the metastable Form II to the stable Form III was not observed in the solid 
state, while the Form II – Form III transition temperature was found to be higher than the 
transition temperature of both polymorphs to Form I.   
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INTRODUCTION 
Pharmaceutical solids may undergo phase transformations resulting in undesirable dosage form 
performance. A polymorphic transformation occurs when a particular phase becomes unstable as a 
result of the prevailing environmental conditions. The relative stability of the various polymorphs 
of a given compound is determined by the respective Gibbs free energies (G) of the different 
forms. Possible polymorphic transformations are dictated by differences in free energy at the 
transition point associated with structural or compositional changes, with the most stable 
polymorph having the lowest free energy.  
Polymorphic transformations can proceed via a number of different means.1,2 The transformations 
examined in this work involve the molecular rearrangement of a metastable crystal structure into a 
more stable crystal structure while remaining in the solid state.3 In enantiotropic systems, where 
polymorphic transformations are thermodynamically reversible, there may or may not be a 
metastable region across the transition point where a polymorph can exist under a set of 
conditions, but where an alternative polymorph is thermodynamically more stable. Kawakami et 
al.4 published a detailed study including numerous examples of systems of both types. The 
kinetics of an enantiotropic transformation may be hindered if the activation energy for the 
transformation is large enough to present a barrier, thereby creating a metastable region where the 
original polymorph has a finite lifetime.4,5,6  
Piracetam (Structure 1) is a nootropic drug, which is an agent that acts 
on cognitive dysfunction without causing sedation or stimulation.7,8 
Throughout the literature there is some confusion over the 
nomenclature of the different polymorphs. In this work the system 
used for naming polymorphs is outlined previously, with the a-
lattice parameter from the Cambridge Structural Database (CSD) placed in brackets after the 
Structure 1. Molecular 
structure of Piracetam. 
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polymorph identification.9 For example, Form II is referred to below as FII(6.403). Five 
polymorphs of piracetam have been reported but two of these (FIV(8.9537) and FV(6.3903)) are 
obtained in high pressure (> 0.5 GPa) conditions only.10,11 Another polymorph, FI(6.747) is only 
seen when FII(6.403) or FIII(6.525) are heated to 130 ˚C in the solid state.10,12,13 FI(6.747) 
transforms to FII(6.403) within a few hours under ambient conditions. These transformations 
occur in the solid state. FI(6.747) along with FII(6.403) and FIII(6.525), have been structurally 
characterized under ambient conditions.12,14 
FI(6.747) is acknowledged as the least stable polymorph of the three at ambient temperature.14 
However, there are some discrepancies in the literature as to whether FII(6.403) or FIII(6.525) is 
the thermodynamically stable polymorph. In the 1970’s and 1980’s, Pavlova et al.15,16 failed to 
establish which was the stable polymorph, reporting that FII(6.403) and FIII(6.525) transform to 
FI(6.747) in the range 130 to 140 ˚C. In 1994 using thermomicroscopy, Differential Scanning 
Calorimetry (DSC) and a binary mixture stability study, Kuhnert-Brandstaetter et al.13 found that 
FIII(6.525) is stable and FII(6.403) is metastable at ambient temperature, while at higher 
temperatures FI(6.747) is the stable polymorph, with all three enantiotropically related. The 
proposed energy-temperature diagram indicates that FII(6.403) transforms to FI(6.747) at a lower 
temperature (110 ˚C) than FIII(6.525) (120 ˚C). It suggests that both polymorphs transform 
directly to FI(6.747) and the transition temperature between FII(6.403) and FIII(6.525) is above 
those of FII(6.403) or FIII(6.525) to FI(6.747). Based on the assumption that piracetam is a tri-
morphic system, in 1996, Ceolin et al.12 built a semi-quantitative pressure-temperature phase 
diagram from topological rules17 indicating that FII(6.403) was the stable polymorph under 
ambient conditions and transformed to FI(6.747) at a higher temperature than FIII(6.525). In 2011, 
detailed analysis was carried out by Picciochi et al.14 using DSC, solution calorimetry and 
combustion calorimetry. It found the stability hierarchy between FII(6.403) and FIII(6.525) under 
ambient conditions and the transition temperatures to FI(6.747) to be in agreement with Kuhnert-
Brandstaetter et al.13 In this work, the solid-state transformations of piracetam are characterised 
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via DSC, High Temperature X-ray Diffraction (HT-XRD), Hot Stage Optical Microscopy and 
thermal analysis. It has been noted that the thermodynamic transition temperature on the free 
energy diagram may often be in advance of the observed transition temperature from the 
experimental analysis in the literature.6 Hence, efforts were made to establish the exact 
temperature of the thermodynamic transitions seen in the piracetam system.  
As remarked in an review by Herbstein: “there are relatively few papers about the actual transition 
directly viewed by microscopic techniques in order to infer the mechanism, and not many about 
changes in crystal structure as the system passes through the transition.”18 Beckham et al. noted 
that gaining a direct molecular level insight into the dynamic events occurring during solid state 
polymorphic transformations is outside of the scope of current experimental capabilities, and thus 
there is little definitive evidence for any particular mechanism.19 In this study the physical changes 
to the crystals during the transformations to FI(6.747) are visually observed and computational 
prediction modelling is employed to gain an understanding on a molecular level.   
 
EXPERIMENTAL 
Piracetam was supplied by UCB Pharma SA and complies with European Pharmacopoeia 6.5 
standards (CAS Number: 7491-74-9, Batch Number: 09G06-B93 Certificate of Analysis states 
that the batch complies with the IR, HPLC and solution appearance tests. It also complies with a 
heavy metals limit of < 10 ppm, sulphated ash of < 0.1 %, water content of < 0.1 % and the purity 
is 100 +/-2 %). FII(6.403) and FIII(6.525) were produced by cooling crystallisation from 1,4-
dioxane (spectrophotometric grade, ≥99%, CAS Number: 123-91-1) and methanol (ACS reagent, 
≥99.8%, CAS Number: 67-56-1) respectively, and used to investigate the solid-state polymorphic 
transformations of piracetam.  
 
Isolation & Characterisation of FII(6.403) and FIII(6.525) 
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FII(6.403) was produced using a HEL PolyBLOCK Parallel Synthesis reactor. Piracetam (11 g) 
was dissolved in 200 mL 1,4-dioxane at 98 ˚C with agitation of 200 rpm. The solution was cooled 
to 20 ˚C at a rate of 1 ˚C/min. FII(6.403) was harvested by vacuum filtration after 24 hr and dried 
in an oven at 45 ˚C, giving a yield of 91 % (10 g).  
FIII(6.525) was isolated as outlined by Maher et al.20 The purity of the both polymorphs was 
confirmed by XRD (Phillips PANalytical X’Pert MPD Pro with PW3064 Sample Spinner), Solid-
State Nuclear Magnetic Resonance Spectroscopy (SS-NMR) (JEOL 400 MHz spectrometer with a 
broad band solid state probe), Scanning Electron Microscopy (SEM) (JEOL CarryScope Scanning 
Electron Microscope JCM-5700) and Attenuated Total Reflectance Fourier Transform Infrared 
Spectroscopy (ATR-FTIR) (PerkinElmer precisely Spectrum 100 FT-IR Spectrometer with a 
PerkinElmer precisely Universal ATR Sampling Accessory).  
Piracetam samples FII(6.403) and FIII(6.525) were packed into 3.2 mm silicon nitride rotors for 
SS-NMR analysis. 13C CPMAS experiments with arrays to optimise contact times for cross 
polarisation were run using a 1H pulse width of 2 µs, a 13C pulse width of 3.46 µs, a spinning rate 
of 10 kHz, cross polarisation conditions of 1H at 40% and 13C at 50% with a ramp of 10% and 
TPPM decoupling at 100 %. 1H double pulse experiments were run to obtain an average optimum 
relaxation delay for each sample. 13C CPMAS spectra were collected using the optimised contact 
times and relaxation delays for each sample (Table 1). 13C double pulse cross polarisation 
experiments were run to obtain a T1 relaxation time for every carbon in each sample. 
 
Table 1. Optimised parameters for SS-NMR analysis of FII(6.403) and FIII(6.525) piracetam. 
Polymorph 
Contact time 
(ms) 
Relaxation delay 
(s) 
No. of scans 
FII(6.403) 2.3 1190 11 
FIII(6.525) 2.9 1540 10 
 
Analysis of Solid-State Polymorphic Transformations of Piracetam 
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Pure FII(6.403) and FIII(6.525) as well as mixtures of both polymorphs were analysed using DSC. 
Ground samples (5 – 6 mg) in sealed aluminium pans were heated from 50 to 180 °C at 10 
°C/min. A baseline run was carried out using two reference pans (empty sealed aluminium pans) 
and the baseline data was subtracted from that of the sample when collected. FII(6.403) and 
FIII(6.525) were analysed at heating rates of 1 to 500 ˚C/min while samples of FIII(6.525) seeded 
with different amounts of FII(6.403) (25 %, 50 %, 75%) were analysed at heating rates of 10 and 
20 ˚C/min.  Further DSC experiments involved heating pure samples of FII(6.403) or FIII(6.525) 
from 20 ˚C to 135 ˚C, holding for 5 min and then cooling to 20 ˚C. Heating/cooling rates of 5, 10 
and 20 ˚C/min were employed.  
HT-XRD was carried out on samples of FII(6.403) and FIII(6.525) as well as mixtures of both 
polymorphs. The XRD was equipped with an Anton Paar HTK1200 furnace. A Cu Kα source (λ = 
1.5418 Å), a nickel filter and a 0.5 ˚ divergence slit were employed. Data over the range 8 to 35 ̊2θ 
was collected with a step size of 0.017  ̊2θ, a count time of 33 s per step and a scan speed of 
0.064  ̊2θ/sec. The generator was set to 40 kV and 30 mA. The samples were rotated at 4 rpm. 
Data analysis was completed using X'Pert HighScore Plus software (PANalytical). Samples were 
heated at 60 ˚C/min from room temperature (22 ˚C) to 90 ˚C, and then at 5 ˚C/min from 90 to 130 
˚C. The program was set up to hold the heating and obtain an XRD pattern at 40 ˚C, 90 ˚C, 95 ˚C, 
100 ˚C, 105 ˚C, 110 ˚C, 115 ˚C and 130 ˚C. Patterns were also collected at room temperature 
before starting the heating profile, upon returning to room temperature after heating and up to 24 
hr after. The furnace in the HT-XRD was calibrated using potassium nitrate/indium. However, due 
to thermal drift as one moves from the calibration temperature, DSC analysis is a more accurate 
method of establishing the true temperature of the thermal event. 
FII(6.403) and FIII(6.525) respectively (2.5 g), on clock glasses, covered by inverted clock 
glasses, were placed in an oven at 140 ˚C for 24 hr. XRD analysis of a sample of each was 
employed to confirm the transformation to FI(6.747) had gone to completion in both samples. The 
samples were then cooled to 100 ˚C in the oven. After holding for 5 days XRD analysis was again 
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employed to examine the polymorphic composition of the samples. XRD analysis was carried out 
at 85, 65, 57, 50, 44, 38 and 30 ˚C after holding at each temperature for 5 days. In a separate 
experiment, 2.5 grams of FII(6.403) and FIII(6.525) on clock glasses, covered by inverted clock 
glasses, were placed in an oven at 95 ˚C for 5 days. XRD analysis was employed to identify the 
polymorphic composition. The temperature was then increased and held for 48 hr twice (98 and 
102 ˚C), analysing the polymorphic composition of the samples after each holding period via 
XRD. Finally a 50:50 mix of FII(6.403) and FIII(6.525) was placed in the oven at 95 ˚C for one 
week with XRD analysis carried out every 24 hr. The temperature of the oven was monitored 
using a calibrated mercury thermometer.  
A Linkam Scientific Instruments Ltd. TMS 94 temperature controller was used to heat the sample 
on the Optical Microscope (Zeiss Axioscope AxioImager MAT Reflected-Light Microscope). In 
separate runs, a crystal of FII(6.403) and FIII(6.525) was focused under the microscope (5x) and 
set to capture images periodically over time during the heating program. Extra images were 
collected in the region where the transformation was occurring. The temperature controller was 
programmed to heat the crystal from room temperature (22 ˚C) to 90 ˚C at 10 ˚C/min, followed by 
heating to 120 ˚C at 2 ˚C/min, then to 145 ˚C at 5 ˚C/min and finally to 160 ˚C at 2 ˚C/min. The 
resulting images were processed in Google Picasa 3TM to give a final video of the transformation 
process, which is included as supporting information. The hot stage was calibrated with 
triphenylphosphine oxide, with a known melting range of 154-158 ˚C. As mentioned above DSC 
gives a more accurate output of the thermal event temperature.  
 
Molecular Analysis 
Optimisation of the total epitaxial interaction (normalised by the total number of unit cells in the 
system) between two crystal blocks was undertaken using the differential evolution global 
optimisation21,22 implemented in the program DEX.23,24 Initial studies optimised a 2 × 2 × 2 block 
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of FIII(6.525) onto the (100), (010), (001) and (10-1) faces of 2 × 2 × 1 block FI(6.747). Upon 
identification of the surface with the strongest interaction energy, calculations between a 3 × 3 × 2 
crystal block of FI(6.747) and a 3 × 5 × 1 crystal block of either FII(6.403) or FIII(6.525) were 
performed. The interaction energy was calculated using the force field described by No et al.25 
using the atomic point charges calculated by fixing to the electrostatic potential calculated in the 
ab initio program orca (2.8.0)26 at PBE-D3/def2-qzvpp||PBE-D3/TVZP level.27-33 The trial 
structures were encoded as the vector (u, v, w, θ, φ, γ), where u, v, w are the location of the 
overlayer relative to the crystal surface and θ, φ, γ are the Eularian angles of rotation of the 
overlayer. The control parameters of the DE algorithm (K, F, Gmax, Np) were 0.9, 0.6, 2000 and 60. 
Boundary conditions were applied to each parameter (-15 ≤ u, v ≤ 15 Å, -10 ≤ w ≤ 20 Å and -180 
≤ θ, φ, γ ≤ 180˚). 
 
RESULTS AND DISCUSSION 
Isolation & Characterisation of FII(6.403) and FIII(6.525) 
The products isolated from the crystallisations after 24 hours, show a rod or needle like habit, with 
well-defined faces for FII(6.403) (Figure 1, left), while FIII(6.525) (Figure 1, right) is well faceted 
with a hexagonal habit. XRD analysis of the solid phases confirms the crystals identity by 
comparison with simulated patterns from the known crystal structures extracted from the CSD 
(Figures 2 and 3).9 
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Figure 1. SEM images of FII(6.403) crystallised from 1,4-dioxane (left) and FIII(6.525) 
crystallised from methanol (right). 
 
 
Figure 2. Theoretical XRD pattern of FII(6.403) from CSD9 (BISMEV) compared to  that of 
crystals harvested from 1,4-dioxane after 24 hr of agitation at 20 ˚C. 
 
 
Figure 3. Theoretical XRD pattern of FIII(6.525) from CSD9 (BISMEV01) compared to crystals 
harvested from methanol after 24 hr of agitation at 10 ˚C. 
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The polymorphs were also characterised through SS-NMR analysis, while measurement of the T1 
relaxation times for each carbon atom in the two polymorphs of piracetam were also undertaken 
(Table 2). The carbons (C1 to C6 from Figure 4) in FIII(6.525) take longer to relax, implying that 
they have lower mobility than in FII(6.403). The 13C CPMAS spectra of the two polymorphs are 
shown in Figure 5. 
 
 
                                     
Figure 4.  Molecular structure of piracetam with the carbons numbered per Table 2. 
 
Figure 5. 13C CPMAS spectra of FII(6.403) (unbroken line) and FIII(6.525) (broken line) 
piracetam. 
1 
2 
3 
4 
5 6 
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The spectra appear to be quite similar but upon close examination, it is clear that there are slight 
differences in the packing environment of the crystal structures which cause the shifts in NMR 
signal. 
 
Table 2. T1 relaxation times for each carbon atom of the molecules along with chemical shifts of 
13C atoms in FII(6.403) and FIII(6.525) piracetam. 
Carbon 
T1	  for	  FII(6.403)	  
(s) 
T1	  for	  FIII(6.525)	  
(s) 
FII(6.403) Chemical 
Shift (ppm) 
FIII(6.525) Chemical 
Shift (ppm)	  
C1 (C=O) 860 1085 177.7 178.1	  
C2 715 1023 31.4 29.9	  
C3 787 997 17.4 16.6	  
C4 732 1008 44.3 43.4	  
C5 745 1134 47.9 47.4	  
C6 (C=O) 840 1043 172.2 170.7, 171.1	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Figure 6. 13C CPMAS spectra of the carbonyl region in FII(6.403) (unbroken line) and FIII(6.525) 
(broken line) piracetam. 
 
Peak splitting, seen in the C6 carbonyl of FIII(6.525), and not in FII(6.403) is the major difference 
in the spectra for the two polymorphs (Figure 6). Neither sample contains any trace of a C6 peak 
that overlaps with that which is characteristic of the other polymorph, inferring purity. The 
chemical shift differences between the polymorphs are more apparent in this carbonyl region 
compared to the aliphatic region. Characterisation of both polymorphs by ATR-FTIR analysis has 
been documented previously.20,34 
 
Analysis of Solid-State Polymorphic Transformations of Piracetam 
Transformation of FII(6.403) or FIII(6.525)  
FII(6.403) and FIII(6.525) are known to transform to FI(6.747) at elevated temperatures.12-16 
Variation in composition during the transformation was monitored using HT-XRD (Figure 7). In 
the case of the FII(6.403) sample, XRD patterns collected in the range from room temperature to 
100 ˚C were identical to the theoretical FII(6.403) pattern. At 105 ˚C a mixture of FI(6.747) and 
FII(6.403) peaks was observed indicating the transformation is underway. At 110 ˚C, all 
FII(6.403) peaks have disappeared and the transformation to FI(6.747) has gone to completion.  
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Figure 7. Theoretical XRD patterns of FII(6.403) and FI(6.747) from CSD9 compared to XRD 
patterns of the FII(6.403) sample collected at 100 ˚C, 105 ˚C and 110 ˚C. 
 
The HT-XRD analysis of the thermal transformation of FIII(6.525) (Figure 8) gave similar results. 
At 100 ˚C the XRD pattern corresponds to that of pure FIII(6.525), while at 110 ˚C the 
composition of the sample is pure FI(6.747).  
 
 
Figure 8. Theoretical XRD patterns of FIII(6.525) and FI(6.747) from CSD9 compared to XRD 
patterns of the FIII(6.525) sample collected at 100 ˚C, 105 ˚C and 110 ˚C. 
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Initial examination of the HT-XRD analysis would suggest that the transformation to FI(6.747) 
occurs at similar temperatures for FII(6.403) and FIII(6.525). However, close inspection of the 
data at 105 ˚C indicates that the transformation of FII(6.403) is more advanced, agreeing with the 
information reported by Kuhnert-Brandstaetter et al.13 and Picciochi et al.14; that FII(6.403) 
transforms to FI(6.747) at a slightly lower temperature than FIII(6.525). 
DSC provides a more accurate estimation of the temperature of the thermal event. The DSC scans 
obtained for FII(6.403) and FIII(6.525) with a heating rate of 5 ˚C/min are presented in Figure 9, 
with the properties summarised in Table 3. The first endothermic peak on each of the scans 
represents the transformation to FI(6.747). The sharp endothermic peak seen at approximately 154 
˚C represents the melting of FI(6.747).  
 
 
Figure 9. DSC scan of pure FII(6.403) (bottom) and FIII(6.525) (top) with a heating rate of 5 
˚C/min.  Endothermic peaks indicating the transformation to FI(6.747) and then melting of 
FI(6.747). 
 
Table 3. DSC data for the transformation of FII(6.403) and FIII(6.525) to FI(6.747) at a heating 
rate of 5 ˚C/min. 
Sample Event Peak Onset  (˚C) 
Peak Centre 
(˚C) 
ΔHtrans 
(kJ.mol-1) 
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FII(6.403) 
Transformation 
to FI(6.747) 109 118 3.4 
Melting of 
FI(6.747) 150 154 25.4 
 
FIII(6.525) 
Transformation 
to FI(6.747) 119 125 3.8 
Melting of 
FI(6.747) 150 154 25.5 
 
In all DSC scans collected in this study, FII(6.403) transformed at a slightly lower temperature 
than FIII(6.525), verifying the conclusions of the HT-XRD work. Employing a 1 ˚C/min heating 
rate, the transformation temperature onset was observed at 103.8 ˚C for FII(6.403), and 108.3 ˚C 
for FIII(6.525). These values are thought to be closer to the true thermodynamic transition 
temperature than those reported in the literature, but when DSC is operated with a heating rate of 
less than 5 ˚C/min, the peak shape may be distorted. Holding samples for 5 days at a series of 
temperatures in advance of the transition temperature from DSC or HT-XRD analysis facilitated a 
more accurate estimation of the true thermodynamic transition temperature. An oven at a set 
temperature was used for this investigation as it is not practical to program DSC and HT-XRD 
experiments to hold at elevated temperatures for prolonged periods of time. XRD analysis was 
carried out immediately after the holding period on a pre-heated zero background disc to 
determine the composition of the sample. The transition from FII(6.403) to FI(6.747) was 
observed at 98 ˚C, while the FIII(6.525) to FI(6.747) transition was observed at 102 ˚C. In fact, ex-
situ XRD analysis of binary mixtures of FII(6.403) and 1,4-dioxane or FIII(6.525) and 1,4-
Dioxane showed that the true position of the thermodynamic FII(6.403) – FI(6.747) transition 
point is no higher than 90 ˚C and the thermodynamic FIII(6.525) – FI(6.747) transition point is no 
higher than 95 ˚C. 
The transformation of FIII(6.525) to FI(6.747) was visualised using Hot-Stage Optical 
Microscopy (Figure 10). The transformation began as a shadow that appeared at the top of the 
crystal at 109 ˚C, which is highlighted in red. This presumably is the nucleation point of FI(6.747). 
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This shadow then extended throughout the whole crystal and changed it from being optically 
transparent to opaque. The habit of the crystal does not change during the transformation but a 
major crack, extending from the point where the shadow was first seen, splits the crystal in two. 
Other cracks can also be seen appearing and extending during the transformation. The visual 
properties of the crystal did not change between 120˚C and 152 ˚C. In the range of 152 to 153 ˚C, 
the now FI(6.747) crystal melted. Repeated runs of FIII(6.525), as well as FII(6.403) showed 
similar changes in optical properties and cracking of the crystal during the transformation, without 
changing the outer habit.  
To investigate if the appearance of the cracks in the crystals was a direct result of the molecular 
rearrangement during the transformation or merely caused by the stress of heating, a FI(6.747) 
crystal, analysed immediately after isolation by crash-cooling from a highly supersaturated 1,4-
dioxane solution, was subjected to the same heating profile. No cracks were seen in the crystal 
during the heating profile and the crystal melted in the range 152 to 153 ˚C, indicating the 
cracking of crystals during the transformation may be caused by the stress of the molecular 
rearrangement. The density, as determined by gas comparison pycnometry,13 at room temperature 
of FI(6.747) (1.304 g.cm-3) is lower than FIII(6.525) (1.371 g.cm-3) so it is feasible that the 
cracking observed during the transformation is caused by the change in density between the 
polymorphs. 
 
Figure 10. A series of optical micrographs showing the visual changes to the FIII(6.525) crystal 
during the transformation to FI(6.747).  
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FII(6.403) - FIII(6.525) Transition Point & Melting Temperatures 
The analysis in the previous section showed that FIII(6.525), when heated, appears to transform 
directly to FI(6.747) and not via FII(6.403). This indicates that the thermodynamic FII(6.403)-
FIII(6.525) transition point is higher than the FI(6.747)-FIII(6.525) transition temperature. To 
avoid any nucleation energy barrier that may exist, samples of FIII(6.525) were seeded with 
FII(6.403), by grinding the mixture, in order to investigate whether or not the FII(6.403)-
FIII(6.525) transition temperature is lower than that of the FIII(6.525)-FI(6.747) transition. 
Secondly, although it is known to occur in solution,13,35 the transformation from metastable 
FII(6.403) to the stable FIII(6.525) was not observed in the solid state after storage for one year 
under ambient conditions. Samples of FII(6.403) were seeded with FIII(6.525) by grinding both 
phases together, again to overcome the nucleation barrier and investigate if this transformation 
occurs in the solid state. 
 
In both instances the HT-XRD analysis of these samples did not show any inter-conversion 
between FII(6.403) and FIII(6.525), only direct transformations to FI(6.747). DSC analysis of 
these samples (Figure 11) agrees, in that the FII(6.403)–FIII(6.525) transition point appears to be 
at a higher temperature that the FIII(6.525)–FI(6.747) transition and the transformation from 
FII(6.403) to FIII(6.525) does not occur in the solid state. As mentioned earlier FII(6.403) 
transforms to FI(6.747) at a slightly lower temperature than FIII(6.525). While the peaks are 
skewed slightly towards the transition temperature of the polymorph present in higher proportion, 
a single smooth peak in this region indicated that the only transformation that occurred was 
directly to FI(6.747). In all samples the transformation product, FI(6.747), melts with an onset at 
152  ̊C.  
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Figure 11. DSC scans of FII(6.403) and FIII(6.525) and mixtures of both; heating rate of 
10  ̊C/min.  Top to Bottom; FIII(6.525), FII(6.403):FIII(6.525) 25:75, FII(6.403):FIII(6.525) 
50:50, FII(6.403):FIII(6.525) 75:25, FII(6.403). All scans show two endothermic peaks indicating 
the transformation to FI(6.747) at in the range 110 to 123 ˚C and a melting of FI(6.747) at 152 ˚C. 
 
The mixtures of FII(6.403) and FIII(6.525) held at 95 ˚C for 1 week did not show any 
transformation, supporting the gathered evidence that the FII(6.403)-FIII(6.525) transition 
temperature is above the transition point of both polymorphs to FI(6.747). FII(6.403) was 
observed to transform to FIII(6.525) at temperatures from room temperature to 85 ˚C via a 
solution mediated mechanism, confirming that the relationship between the two is monotropic in 
this range and the transition point lies above the transition point of both polymorphs to FI(6.747). 
It also confirms that kinetic effects prevent the transformation from the metastable FII(6.403) to 
the stable FIII(6.525) materialising in the solid state. 
 
It has been reported12-14 that trace amounts of FIII(6.525) sometimes persist during DSC analysis 
after the bulk of the sample has transformed to FI(6.747), as evident by the presence of a small 
endothermic peak at 139 – 140.2 ˚C in addition to the melting of FI(6.747). No such data has been 
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reported for FII(6.403). Thermomicroscopy estimated melting points for FII(6.403) (140.7 ˚C) and 
FIII(6.525) (140.2 ˚C).13 Employing a heating rate of 10 ˚C/min in the current study, DSC scans 
showed suspected melting points for FII(6.403) and FIII(6.525). Very small endothermic peaks 
were observed at 139.0 ˚C for FII(6.403) and 138.3 ˚C for FIII(6.525). It is thought that these 
peaks represent the melting of trace amounts of the samples that did not transform to FI(6.747).  
The difference between the transition temperature of FII(6.403) and FIII(6.525) to FI(6.747) and 
the proposed melting points of FII(6.403) and FIII(6.525) is 20 – 30 ˚C. Using a heating rate of 10 
˚C/min this temperature span is achieved within 2 – 3 min. It is feasible that the entirety of the 
sample has not transformed to FI(6.747) in this time frame, and when 138 – 139 ˚C is reached any 
traces of the original polymorph remaining in the sample melt. In fact, the Hot Stage Optical 
Microscopy studies above showed that the transformation to FI(6.747) does not appear to go to 
completion instantaneously but rather takes a number of minutes. When heating rates of 1 and 2 
˚C/min were employed the proposed melting peaks of FII(6.403) and FIII(6.525) were not seen, 
presumably because there was sufficient time for the transformation of the sample to FI(6.747) to 
go to completion. 
 
Transformation of FI(6.747) 
Ceolin at al.12 reported that FI(6.747) transforms to FII(6.403) at ambient conditions. The 
composition of samples of FII(6.403) and FIII(6.525) that had transformed to FI(6.747) were 
monitored after the samples had been cooled to room temperature. Figure 12 shows the 
composition of an originally FIII(6.525) sample. After transformation to FI(6.747) by heating, the 
sample was cooled and monitored by XRD analysis. It is still completely FI(6.747) immediately 
when cooled to room temperature. Four hours later the transformation to FII(6.403) has begun, 
while the XRD of the sample 24 hours later shows the transformation to FII(6.403) was complete.  
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Figure 12. Theoretical XRD patterns of FI(6.747) and FII(6.403) from CSD9 compared to XRD 
patterns of the transformed FIII(6.525) sample when returned to room temperature (RT) (22 ˚C), 4 
and 24 hr after RT was reached. 
 
There appears to be a region below the transition point between FI(6.747) and FII(6.403) where 
FI(6.747) exists as a metastable polymorph. Figure 13 shows a DSC scan of FIII(6.525) (unbroken 
line) heated to 135 ˚C with the transformation to FI(6.747) occurring as expected with an 
endothermic peak. The cooling profile of FI(6.747) to 20 ˚C (broken line) indicates that the 
transformation back to FII(6.403) does not occur at the same temperature in the opposite direction.  
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Figure 13. DSC scan of pure FII(6.403) with a heating rate of 10 ˚C/min from 20 to 135 ˚C 
(unbroken line) with an endothermic peak indicating the transformation to FI(6.747). After 
reaching 135 ˚C, the temperature was held for 5 min and then decreased to 20 ˚C at 5 ˚C/min 
(broken line).  
 
The transformation to FII(6.403) did not occur during 5 day holding periods of FI(6.747) at 
temperatures from 100 ˚C down to 38 ˚C, confirming that FI(6.747) can exist in a metastable state. 
Only after holding at 30 ˚C did the transformation occur. The activation energy barrier for the 
transformation must be significant, as the transformation does not happen in a practical time frame 
until the temperature has reached almost 70 ˚C beyond the thermodynamic transition point. As 
FI(6.747) transforms to FII(6.403) and not FIII(6.525), the system appears to follow Ostwald’s 
rule of stages. When leaving the unstable phase (FI(6.747)), the system does not seek out the most 
stable phase (FIII(6.525)), but rather the nearest metastable phase (FII(6.403)) which can be 
reached with a loss of free energy.35 Interestingly, as viewed under the optical microscope, the 
opaque optical property of FI(6.747) remains after the transformation to FII(6.403) has gone to 
completion, in what is thought to be a poly-crystal. 
 
Figure 14 shows an extension of the semi-schematic energy–temperature diagram proposed by 
Kuhnert-Brandstaetter et al.13 with experimental data for different thermal events that occur 
included. Table 4 compares the previously reported temperatures of the thermal events to those 
established in this study. Transition temperatures 20 to 40 ˚C higher than outlined in this study 
have been reported for the transformation of FII(6.403) and FIII(6.525) to FI(6.747) using DSC 
analysis.12-14  
DSC analysis showed the melting point of FII(6.403) to be 139.0 ˚C, while that of FIII(6.525) was 
138.3 ˚C. Because FII(6.403) transforms to FI(6.747) at a lower temperature than FIII(6.525) and 
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melts at a slightly higher temperature than FIII(6.525), it confirms enantiotropy and a transition 
point between FII(6.403) and FIII(6.525) is located inside the range 90 ˚C and 138 ˚C. There is 
less than 1˚C difference between the melting points of FII(6.403) and FIII(6.525), while there is 
approx. 5 ˚C between the transition point of both polymorphs to FI(6.747). Therefore, it is thought 
that the FII(6.403)-FIII(6.525) transition point is closer to their melting points than to the 
transition point of both polymorphs to FI(6.747).  
 
 
Figure 14. Energy-Temperature diagram of the three polymorphs of piracetam with temperatures 
of different thermal events included.  
 
Table 4. Comparison of the previously reported thermodynamic factors of the three polymorphs 
of piracetam to those obtained in this study. Kuhnert-Brandstaetter et al. DSC13A; Kuhnert-
Brandstaetter et al. Thermomicroscopy13B; Picciochi et al.14; Ceolin et al.12; PS, Present Study 
Transition	   FII(6.403)àFI(6.747)	   FIII(6.525)àFI(6.747)	   FI(6.747)	  M.P.	   FII(6.403)	  M.P.	   FIII(6.525)	  M.P.	  
Tonset	  (˚C)	  
10813A	   12013A	   152.513A	   140.513A	   14013A	  
	   	   153.213B	   	   140.213B	  
109.714	   121.414	   151/151.514	   	   	  
12612	   11912	   15312	   	   13912	  
90	  PS	   95	  PS	   150	  PS	   139.0	  PS	   138.3	  PS	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Molecular Analysis  
The preference for FII(6.403) over FIII(6.525) during the cooling transformation may be due to an 
element of crystallographic match between the phases. To identify possible surface interactions 
between crystal phases, a series of molecular modelling studies were undertaken. Initially, 
optimisation of crystal blocks of FII(6.403) or FIII(6.525) onto the dominant faces of FI(6.747) 
was carried out to identify any matching between the surfaces. These studies utilised a small-sized 
block and the strongest intermolecular interactions (defined in experimental section) occurred 
between the (001) face of FI(6.747) and the (001) faces of both FII(6.403) and FIII(6.525). Further 
studies on extended blocks were therefore only performed on this interface. While the unit cell 
parameters for the (001) faces of the three polymorphs (a, b, γ (I) = 6.725 Å, 13.250 Å, 90˚, a, b, γ 
(II) = 6.403 Å, 6.618 Å, 88.91˚; a, b, γ (III) = 6.525 Å, 6.440 Å, 90˚) have similar values, no 
commensurate relationships between the values could be located using epicalc methodology36,37 
and so no long scale period interaction between the phases would be anticipated.  
The optimisation of the larger crystal blocks identified a stronger interaction between FIII(6.525) 
and FI(6.747) (E = –9.67 kJ·mol-1) compared to that between FII(6.403) and FI(6.747) (E = –7.45 
kJ·mol-1) due to the formation layers of hydrogen bonding in the FIII(6.525) case (Figure 15). 
However, the lack of a lattice match between the cells is reflected by the lengthening of these 
bonds for each repeat of the over-layer structure.  
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Figure 15. Comparison of the optimised structures of (a) FII(6.403) and (b) FIII(6.525) onto the 
(001) surface of FI(6.747), both crystals viewed down the b-axis. 
 
The (001) surfaces of FII(6.403) and FIII(6.525) have the same qualitative arrangement of amide 
groups with slight differences in distances due to the differences in lattice parameters (Figure 16). 
Thus the chemical and crystallographic environment of the interface between the (001) faces of 
FII(6.403) and FIII(6.525) with FI(6.747) will be similar in both cases.  
 
 
Figure 16. View onto the (001) of (a) FII(6.403) and (b) FIII(6.525) with the lengths of differing 
axes shown. 
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Conversion from FI(6.747) to FII(6.403) or FIII(6.525) across the predicted interface would 
initially require the formation of the R22(8) amide…amide dimer present in FII(6.403) and 
FIII(6.525). In both cases this can be achieved by internal rotation of the amide group and shift of 
the molecular layer (Figure 17). In the case of FI(6.747) to FIII(6.525) this requires breaking the 
hydrogen bond between the layers for a greater energy penalty.  
 
 
Figure 17. Comparison of the predicted intercrystal interfaces between (a) FI(6.747) and 
FII(6.403) and (b) FI(6.747) and FIII(6.525), showing the required changes to form the dimer 
motif observed in the two polymorphs. 
 
The dimer linked layers are packed differently in FII(6.403) and FIII(6.525). In the case of 
FII(6.403) a translation stacking of the layers occurs, while in FIII(6.525) they are stacked by a n-
glide operation. Due to this difference an increased number of piracetam molecules have to both 
shift and conformationally adjust during the transformation to FIII(6.525) compared to FII(6.403) 
(Figure 18). Indeed every third layer of FI(6.747) would have to rotate 180° to undertake the 
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transformation to FIII(6.525), while only isolated molecules have to adjust to convert to 
FII(6.403). Thus the combination of stronger hydrogen bonding and greater disruption of the 
crystal lattice suggests a greater kinetic barrier to the conversion of FI(6.747) to FIII(6.525). 
However, further studies are required to fully confirm this suggestion, such as molecular dynamics 
studies and experimental studies to fully confirm the atomistic details of the transformation 
mechanism.   
 
 
Figure 18. Schematic of the molecular packing in the three polymorphs of piracetam, showing the 
orientation of the amide group for each form (indicated by the arrow). Highlighted in red are the 
molecules that have to change either conformation or orientation to convert from FI(6.747) to 
FII(6.403) or FIII(6.525).  
 
CONCLUSIONS 
The purity of FII(6.403) and FIII(6.403), isolated by cooling crystallisation from 1,4-dioxane and 
methanol respectively, was verified using a number of techniques including XRD, DSC, SS-NMR 
and SEM. FII(6.403) was found to consistently transform to FI(6.747) at a lower temperature than 
FIII(6.525). The temperatures reported for these transition points are expected to be closer to the 
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true thermodynamic points, compared to the data reported in the literature. The transformation 
caused a physical cracking of the original crystal due to the molecular rearrangement, as well as 
changing of the optical properties from transparent to opaque. The FII(6.403) – FIII(6.525) 
transition temperature was found to be located above the transition of both polymorphs to 
FI(6.747), and below the melting point of the two polymorphs (139 and 138 ˚C respectively). The 
transformation from the metastable FII(6.403) to the stable FIII(6.525) was found not to occur in 
the solid state.  
FI(6.747) was found to exist as the unstable polymorph in the region from 100 ˚C to below 38 ˚C, 
before transforming to the metastable FII(6.403). Molecular level analysis suggests that the 
transformation from FI(6.747) to FII(6.403) is kinetically favoured over the transformation to 
FIII(6.525).  
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SUPPORTING INFORMATION 
A video of the solid-state polymorphic transformation from FIII(6.525) to FI(6.747) upon heating, 
as viewed by Hot Stage Optical Microscopy, is included. This information is available free of 
charge via the Internet at http://pubs.acs.org/. 
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The solid-state polymorphic transformations of piracetam were investigated using a number of 
analytical techniques. The transformations of FII(6.403) and FIII(6.525) to FI(6.747) upon heating 
were examined, as well as the transformation of FI(6.747) to FII(6.403) upon cooling. 
Computational prediction modelling was employed to gain an understanding of the 
transformations on a molecular level. All polymorphs are enantiotropic to each other, and the 
thermodynamic transition points were investigated in detail.  
